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ABSTRACT
The objective of much fluidisation research has been the prediction of industrial beds, which
are often large and operated at high pressure and temperature. This may be achieved
through the use of Eulerian two-fluid models. Two such models have been compared with
experimental results of the structure of a jet in a bubbling fluidised bed. In the first two-fluid
model the particles are treated as a Newtonian fluid with a constant viscosity; in the second,
kinetic theory for granular flow is used to describe the rheological properties of the
particulate phase. The experiments were examined non-intrusively using X-ray equipment.
The comparison of the experiments with the models revealed significant and systematic
differences. These are described and the implications they have for the modelling and scale-
up of bubbling fluidised beds are discussed.
INTRODUCTION
An enduring problem in the description of particle systems has been the modelling of the
rheology of dense flows of particles such as fluidised beds. Commercial beds are often large
and difficult to instrument or observe and their relationship with laboratory scale equipment,
which can be well instrumented, is poorly understood. It is important that this gap is bridged
so that the processes may be improved. This may be achieved through the use of numerical
models of dense flows of particles; however, their success depends upon the physical
processes present being satisfactorily described.
Beyond simple design approaches such as the two-phase model, micro-balance models can
be applied if the complex fluid bed hydrodynamics are to be properly described. Broadly
speaking two different classes of hydrodynamic models may be distinguished: Eulerian
(continuum) models and Lagrangian (discrete particle) models. Lagrangian models solve the
equations of motion for each individual particle, taking into account the effect of particle
collisions and forces exerted on the particle by the gas. However the number of particles in
most industrial fluidised beds is much larger than current computational limitations allow
(typically fewer than 106). Eulerian models consider all phases to be continuous and fully
interpenetrating, and are a more practical choice for modelling industrial systems. Owing to
the continuum representation of the suspended particles additional closure laws are required
to describe the rheology of the fluidised particles. In this work two different rheological
models have been implemented in a two-fluid model to study the influence of the particulate
phase on a flow pattern that is apparently dominated by particle-gas drag, exceeded by a jet.
It is difficult to judge the effectiveness of these different models. There are a number of
difficulties in taking and analysing experimental results: first, it is difficult to obtain non-
intrusive, internal measurements of bubbling fluidised beds; secondly, it is difficult to
compare experimental observations and numerical predictions of a system that is unsteady
and non-uniform; thirdly, no account is taken of the effects of the large scales, temperatures,
and pressures present in industrial equipment. The aim of this work was to address some of
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these difficulties and present a comparison of experimental observations of the structure of
bubbling fluidised beds with two-fluid model predictions based on two separated rheological
models described in the next section for different pressures and flow rates.
EULERIAN MODELLING OF DENSE FLUIDISED BEDS
In Eulerian models the phases are considered to be continuous and fully interpenetrating.
The equations employed in these models can in fact be seen as a generalisation of the
Navier-Stokes equations for interacting continua. For systems involving isothermal gas-
particle flow the conservation equations for mass and momentum are summarised in Table I.
These conservation equations describe the mean flow of the gas-solid two-phase system.
Owing to the continuum representation of the particulate phase, Eulerian models require
additional closure laws to describe the rheology of the fluidised particles. Experiments by
Schügerl et al. (1) indicated that fluidised suspension exhibit approximate Newtonian
behaviour. In early two-fluid models, e.g. (2, 3), as a first approximation a constant viscosity
estimated from those experiments was applied. The solids phase pressure, that prevents
particles from reaching impossibly low values of void fraction, was modelled as
fss Gp eÑ=Ñ , whereby the solids phase elasticity modulus (Gs) was taken from simple
theory of powder compaction (4). In most recent continuum models constitutive equations
according to the Kinetic Theory of Granular Flow (KTGF) are incorporated (5, 6). This theory
describes the dependence of the rheological properties of the fluidised particles on local
particle concentration and the fluctuating motion of the particles owing to particle-particle
collisions. The variation of the particle velocity fluctuations has to be described with a
separate conservation equation; the so-called granular temperature equation (see Table I).
The constitutive equations that were used in this work to model the rheology of the
particulate phase for the constant viscosity model and the KTGF model are summarised in
Table II. For a more detailed discussion see (5, 6).  Standard notation is used, but a detailed
notation may be found in (6).
To study the influence of the constitutive equations on fluidised bed dynamics predicted by
the two-fluid model the case of a dominant jet in a bed at minimum fluidisation was studied.
Simulations were carried out in two-dimensional axisymmetric co-ordinates. To reduce
numerical diffusion the second order accurate Barton scheme (7, 8) was applied to discretise
all convective fluxes. A grid refinement study showed that simulations could be carried out at
Table I: Two-fluid conservation equations.
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a grid of 51 x 200 cells of 0.25 x 0.75 mm, that was sufficiently refined to capture the fine
structure of the bubble pattern. Further initial test calculations with the kinetic theory model
showed a great sensitivity of the obtained bubble pattern to the coefficient of restitution of
the particles. Therefore it was concluded that the flow pattern was dominated by particle-
particle interaction and gas-phase turbulence was not taken into account. Simulations were
carried out for 10 seconds. To prevent an extra long start-up period due to the perfect
numerical symmetry of the system, small random fluctuations were applied on the initial void
fraction. After 4 seconds a quasi-steady bubble plume that could be compared to the
experimental results was observed.
EXPERIMENTAL APPARATUS
The fluidised bed studied was a 1.1m deep cylinder with a diameter of 254mm. It consisted
of ion exchange resin particles, which were spherical, porous particles with a diameter of
0.83mm and a density of 1170kg/m3. The coefficient of restitution of the particles was
estimated from direct observation of the bouncing of solid particles on a large slab of glass
as 0.71 with a standard deviation of 0.06. They corresponded to a large group B powder in
the Geldart classification. The particles were fluidised with nitrogen at a pressure between
atmospheric and 21 Bar. The bed was contained in a cylindrical duraluminium vessel that
formed part of a closed circuit. The bed sat on a porous sintered distributor plate pierced by
an 18cm long, 1.5cm diameter nozzle.  The gas in the circuit was driven by a Roots blower
so that the bed was at the minimum point of fluidisation. Further gas was introduced through
the nozzle from a gas bottle so that a stream of bubbles was produced at atmospheric
pressure. At the same time gas was leaked from the circuit at a similar rate to prevent over-
pressurisation.  The interior of the bed was observed using an X-ray source and detector.
The advantage of this equipment is that it does not affect the behaviour of the bed. The
images generated on the detector were recorded on S-VHS videotape for later analysis on a
PC.
ANALYSIS OF EXPERIMENTS
The video images were processed to show the bed structure. Images were captured directly
from a video recorder using a frame grabber. An image of the bed where no excess gas had
Table II: Two-fluid constitutive equations for rheology of the particulate phase.
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been introduced was subtracted from each image of the bed structure. The regions where
the voidage in the bed exceeded that of the uniform bed could then be seen as where the
brightness exceeded, a small threshold and contours corresponding to different brightness
values could then be identified. These revealed the internal structure of the object.
A range of objects were observed depending on position in the bed, nozzle flow rate and
pressure.  However, the different sorts of objects could be consistently classified according
to their nature (9).  A classification is shown in Figure 1. There is a progression from long,
thin jet-like structures close to the nozzle to round, isolated objects such as bubbles higher
up in the bed.  A variety of other objects could be seen where the transformation from jet-like
structures to bubble-like structures took place. The classification adopted here is:
Type i object.  Jet of gas apparently bounded at its base.
Type ii object.  Completely bounded linear area of high voidage
Type iii object. Mushroom shaped object with a globe of high voidage attached to a
stem.
Type iv object. Bounded, discrete bubble shape with a single core of high voidage.
Type v object.  Amorphous area of high voidage, often with several cores.
Generally high pressures and flow rates encouraged the growth of the jet-like structures and
high flow rates also caused more type v rather than type iv objects to form.
For comparison with the model results the most extreme pressures- 1 bar and 21 bar-  and
flow rates- 3.40 m/s and 7.92 m/s at 1 bar and 3.40 m/s and 5.66 m/s at 21 bar- in the
experiments were used. The experimentally observed distribution of objects under these
conditions is shown in Figure 2a. At low flow rates and pressures the bed is dominated by
bubbles except very close to the nozzle. The effect of increasing both pressure and flow rate
is to cause a jet to form in the bed with a length of up to 60cm. At the higher pressures the
jet was stable close to the nozzle; however farther up the bed periods of stability alternated
with periods when the jet broke down into a stream of isolated objects. The increase in flow
rate also appeared to cause more irregular isolated areas of gas to form instead of classical
bubbles.
COMPARISON WITH NUMERICAL MODEL RESULTS
The measurement of features in bubbling fluidised beds is difficult because they are
unsteady, non-uniform, and, because bubbles do not have sharp edges (10) . Often it is not
clear what are the dimensions being measured. However, distinct types of structures are
seen in fluidised beds and the types present at a given position depend systematically on the
gas flow rate and pressure. This behaviour allows a comparison to be made between a
model and experiment, without the difficulties associated with direct measurements. The
comparison can be made in three different ways:
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Figure 1:  The different types of objects seen in the fluidised beds.
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Figure 2.
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· are the same structures seen in the simulations of the fluidised bed as in the
experiments?
· is the pattern of structures similar in the simulations as in the experiments?
· does the  structure of the bed show similar dependence on flow rate and pressure in the
simulations as in the experiments?
The results of the simulations were made into Quicktime animations and the types of
structure seen were recorded in a similar manner as for the experimental observations.
Comparison with the Constant Viscosity Model
Still pictures of the structures seen in the bed using the constant viscosity model are shown
in Figure 3.  The distribution of the structures seen is shown in Figure 2b and may be
compared with the experimental results in Figure 2a.  It may be seen that there are
substantial differences. The range of objects observed at any one place is more restricted
than in the experiments. It is not possible for the models to reproduce some type v objects
owing to the assumption of axial symmetry; however, the variability of the structures seen at
any one position was much less. Unlike the experiments, small bubbles (type iv objects)
often appeared to have a horizontal band of increased voidage attached to them. Also unlike
the experiments, the simulated jet was stable in character and did not break-up from time to
time into individual objects. The flow rate appears to have very little effect on the types of
objects seen in the simulated results. At atmospheric pressure at the lower flow rate there is
no coalescence of bubbles, but some bubbles could grow, apparently at the expense of
others that shrank and eventually disappeared. Similar behaviour was observed in the
experiments. At the higher flow rate the bubbles were larger and coalescence took place.
The change of pressure causes the gas emerging from the nozzle to form nearly exclusively
a continuous jet through the bed instead of bubbles. At the lower flow rate the jet does break
up into individual bubbles right at the top of the bed, but this appears to happen because the
jet weakens, presumably as gas passes into the bulk bed.
Constant viscosity closure Kinetic theory closure
(i) (ii) (iii) (iv) (i) (ii) (iii) (iv)
Figure 3. Still frames of two-fluid simulations with the constant viscosity closure model
on the left and the kinetic theory of granular flow closure model on the right.
(i)  1 bar, jet velocity 3.40 m/s (iii) 21 bar, jet velocity 3.40 m/s
(ii) 1 bar, jet velocity 7.92 m/s (iv) 21 bar, jet velocity 5.66 m/s
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Comparison with Kinetic Theory Model
A larger variety of objects were seen if the kinetic theory model was used. Still images from
the simulations are shown in Figure 3 and the distribution of structures in Figure 2c. The
objects seen could be more complex than for the constant viscosity model, and some type v
objects were reproduced. The different structures produced by the model were also more
like those seen in the experiments in appearance; they were less regular than those
predicted by the constant viscosity model and without the horizontal banding associated with
the bubbles. However, at the higher pressure, at heights greater than about 45cm above the
mouth of the nozzle, a wedge of particles forms around which the structures have to pass.
While bubbles with a toroidal core were observed in the experiments, hollow cylinders of
high voidage, such as those seen in the simulation, were not. The wedge of particles exists
in an area of relatively low granular temperature that is stable because of the lack of three-
dimensional flow structures.  These cause meandering of the bubble plume and the break up
of the wedge. For the purposes of analysing the structure the presence of the wedge was
ignored.
The transition between jet and individual objects was less regular than for the constant
viscosity model and a variety of different structures could be seen at a point as the jet
breaks-up and bubbles are formed, particularly at the high pressure when a continuous jet
could dominate the bed. However, unlike the constant viscosity model, the jet was not
uniform but disturbances formed within it as the gas passed up the bed. In addition, from
time to time the jet broke-up into a stream of individual objects, rather than bubbles forming
at a fixed position. This results in significant variations of length of the jet of gas from the
nozzle. This reflects the behaviour seen in the experimental fluidised beds, though the jet did
not penetrate as far as in the simulations. The increased flow rate at the lower pressure
caused larger bubbles to form, but did not change the structure of the bed. At the higher
pressure the larger flow rate appeared to stabilise the jet.
DISCUSSION AND CONCLUSION
There are a number of reasons why the results of a model do not agree with experimental
results. In complex systems, such as dense flows of particles, the greatest problem is often
describing the complex physical processes that take place. This is what has been seen in
this work: the essential features of the bed are captured by the constant viscosity model; at
atmospheric pressure a stream of bubbles are produced, while increased pressure
encourages the formation of a continuous jet through the bed; however, the full range of
structures is not predicted, the break-up of the jet from time to time into bubbles does not
take place, and the effects of flow rate and pressure are not well represented.
The use of kinetic theory to describe the interaction between particles represents an
improvement on the constant viscosity model because it takes into account more of the
physical processes operating within the particulate phase. As it stands, kinetic theory is
limited to slightly inelastic particles, does not allow for particle rotation and energy losses
resulting from non-ideal collisions due to friction and tangential restitution are not accounted
for. The theory also does not allow for non-instantaneous interactions between particles,
such as contact friction and so the experimental bed is not exactly simulated. However, the
model is able to reproduce more complex structures and, most importantly, the type of
behaviour seen in the bed where the jets are unstable and break-up into individual objects.
This demonstrates that even though dense particulate systems do act as if they form a
continuum, it is important to incorporate their particulate nature in the models used. The
introduction of kinetic theory appears to have captured much of the essential character of the
system, and this means that if the model is used for the scale-up it is possible to have some
confidence that the behaviour of the industrial system will be captured. However, the
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accuracy of the simulation is still not sufficiently good for specific predictions of a process's
performance to be made.
There are a number of improvements to the model that might improve its predictive ability.
First, the simulations could be extended to three dimensions so that non-axisymmetric
structures can be generated. This has been done, but simulations on a coarse rectangular
mesh (38x38x100 cells of 6.65x6.65x15 mm) show perfectly axisymmetric flow patterns
(even though small perturbations on the initial void fractions and the jet velocity were added
to remove this symmetry) and simulations on a sufficiently refined mesh still take a great
deal of computing time. Secondly, the physical modelling may be improved. In particular,
further development of the constitutive relations so that particle rotation, energy losses due
to friction and non-instantaneous interactions between particles can be accounted for.
Thirdly, inclusion of a turbulence model for the gas phase might improve the prediction of the
break-up height of the jet, though the flow patterns at greater heights are dominated by the
particulate phase.
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